Mitochondrial disease model mice, mitomice, were created using zygotes of B6mtspr strain mice carrying mitochondrial DNA (mtDNA) from Mus spretus as recipients of exogenous mitochondria carrying wildtype and a deletion mutant mtDNA (⌬mtDNA) of M. musculus domesticus. In these experiments, mtDNAs from different mouse species were used for identification of exo-and endogenous wild-type mtDNAs in the mitomice. Results showed transmission of exogenous ⌬mtDNA, but not exogenous wild-type mtDNA, of M. m. domesticus to following generations through the female germ line. Complete elimination of exogenous wild-type mtDNA would be due to stochastic segregation, whereas transmission of exogenous ⌬mtDNA would be due to its smaller size leading to a propagational advantage. Tissues in mitomice of the F 3 generation carrying exogenous ⌬mtDNA showed protection from respiration defects until ⌬mtDNA accumulated predominantly. This protection from expression of mitochondrial dysfunction was attained with the help of endogenous wild-type mtDNA of M. spretus, since mitomice did not possess exogenous wild-type mtDNA of M. m. domesticus. These observations provide unambiguous evidence for the presence of interaction between exogenous mitochondria carrying ⌬mtDNA and endogenous mitochondria carrying M. spretus wild-type mtDNA.
I
N yeast and plant cells, the idea of mitochondrial interfusion of two different types of respiration-deficient somatic cells caused by different pathogenic mutant action has received support from the evidence for recombination between two mtDNA molecules derived mtDNAs from patients with mitochondrial diseases resulted in overall restoration of respiration defects in from both parental germ cells (Dujon et al. 1974 ; Bellitheir somatic cell hybrids (Takai et al. 1999; Ono et al. ard et al. 1979) . In mammalian species, however, the op-2001). Moreover, evidence for rapid merging of normal portunity for coexistence of mtDNAs from both parents mitochondria with wild-type mtDNA and respirationis likely inhibited by their strictly maternal inheritance deficient mitochondria without mtDNA was obtained (Kaneda et al. 1995; Shitara et al. 1998 Shitara et al. , 2000 Shitara et al. , 2001 .
by introduction of normal mitochondria into mtDNASince the mammalian mtDNA population is homoplasless HeLa cells using cell fusion techniques (Hayashi mic throughout individuals due to maternal inheritance, et al. 1994) . recombination between maternal mtDNA molecules Recently, the occurrence of interaction between mitowith the same sequences would not be productive. Alchondria was extended from the in vitro to the in vivo though cell fusion techniques can mix mtDNA molelevel by the use of mitomice (Inoue et al. 2000 ; Nakada cules from different mammalian individuals within single et al. 2001) . They were generated by introduction of somatic cell hybrids, extensive mtDNA recombination respiration-deficient mitochondria carrying a predomias observed in yeast and plant cells (Dujon et al. 1974;  nant amount of mutated mtDNA with a large deletion Belliard et al. 1979) was not detectable even after their (⌬mtDNA) and a residual amount of wild-type mtDNA long-term cultivation (Hayashi et al. 1985) .
from cultured mouse cells into mouse zygotes (Inoue et However, evidence for interactions between mammaal. 2000) . In the mitomice, expression of mitochondrial lian mitochondria is provided by translational compledysfunction was not observed in any mitochondria in mentation in cultured somatic cells (Hayashi et al. any cells carrying as much as 60% ⌬mtDNA, suggesting 1994; Takai et al. 1999; Ono et al. 2001) . For example, the presence of interaction between exogenous respiration-deficient mitochondria with ⌬mtDNA and endogenous mitochondria with wild-type mtDNA and the resul- mtDNA preexisting in exogenous mitochondria has to PCR analysis: Total DNA (300 ng) was used for PCR ampliincrease preferentially for restoration of respiratory fication. Three primer sets (11,927-11,946 and 12,388-12,365, function, followed by elimination of endogenous mito- 7587-7611 and 12,679-12,654, 7442-7469 and 7726-7696) chondria carrying wild-type mtDNA from mitomice. Al- In this study, we created mitomice using zygotes carhearts were excised from mitomice, and their 10-m cryosecrying mtDNA of a different mouse species, Mus spretus, tions were stained for COX activity. COX electron microso that both endogenous and exogenous wild-type graphs were carried out as described ) with mtDNAs in the mitomice could be distinguished. The slight modifications. Briefly, 25-m cryosections were fixed in 2% glutaraldehyde in PBS for 10 min at 0Њ. Ultrathin sections, results provided unambiguous evidence for the preswhich were not stained with uranyl acetate and lead nitrate, ence of the in vivo intermitochondrial interaction. were viewed directly with an H-7000 electron microscope (Hitachi, Tokyo).
Single-cell PCR: Three serial cryosections (10 m) of heart MATERIALS AND METHODS from mitomice possessing 85.2 Ϯ 3.0% ⌬mtDNA were used for single-cell PCR. The first and third sections were stained Cells and cell culture: Cy4696 cybrids (Inoue et al. 2000) with dimethylaminoazobenzene for COX activity, and COXcarrying 89.4 Ϯ 2.3% ⌬mtDNA of M. m. domesticus were cultipositive and COX-negative fibers in both sections were used vated in RPMI1640 (Nissui Seiyaku, Tokyo) containing 10% for quantitative PCR analysis. Each cell in the second sections fetal calf serum, 50 g/ml uridine, and 0.1 mg/ml pyruvate.
was dissected with a PRO-300 laser scissors (Cell Robotics, Uridine and pyruvate were supplemented, so that respirationdeficient Cy4696 cybrids caused by a predominant amount of Albuquerque, NM). Quantification of M. m. domesticus ⌬mtDNA ⌬mtDNA could grow (King and Attardi 1989; and M. spretus wild-type mtDNA were carried out using a Taq-1997).
Man PCR reagent kit and an ABI PRISM 7900HT sequence Generation of mitomice carrying wild-type mtDNA of M.
detection system (Applied Biosystems, Foster City, CA) under spretus and ⌬mtDNA of M. m. domesticus : Zygotes of B6mtspr, the conditions recommended by the manufacturer. The which possess the nuclear genome of M. m. domesticus and the primer set specific for M. m. domesticus ⌬mtDNA was nucleotide mitochondrial genome of M. spretus, were used as ⌬mtDNA positions 7697-7725 and 12,528-12,508. The reporter dye recipients. Cytoplasts of the Cy4696 cybrids carrying 89.4 Ϯ 6-carboxyfluorescein (FAM)-labeled TaqMan MGB probe 2.3% ⌬mtDNA were used as mtDNA donors for generating (Applied Biosystems) specific for M. m. domesticus ⌬mtDNA mitomice. Introduction of ⌬mtDNA into B6mtspr zygotes was was nucleotide positions 7750-7758 and 12,455-12,464 . The carried out as described previously (Inoue et al. 2000) with primer set specific for M. spretus wild-type mtDNA was nucleoslight modifications. Briefly, pronuclear-stage zygotes were coltide positions 7442-7469 and 7726-7697. The reporter dye lected from oviducts of superovulated B6mtspr females at the FAM and the quencher dye TAMRA-labeled probe was nucleoage of 8-10 weeks after birth, and ‫01ف‬ Cy4696 cytoplasts were tide positions 7490-7513. inserted into the perivitelline space of the zygotes with a piezodriven micromanipulator. The cytoplasts were fused with the embryos by applying an electric pulse (3000 or 3750 V/cm, RESULTS 10 msec) with a pre-and postpulse AC current (100 V/cm, 2 MHz, 30 sec each). After 24 hr cultivation, two-cell-stage emGeneration of mitomice by introduction of ⌬mtDNA bryos were transferred to the oviducts of pseudopregnant Jcl:ICR (Crea Japan, Tokyo) females.
into zygotes with M. spretus mtDNA: Cy4696 cybrids car- (Figure 2A) . The results showed that they possessed for the presence of exogenous mtDNAs in their tails 57.5 Ϯ 2.4, 60.6 Ϯ 3.4, and 85.2 Ϯ 3.0% ⌬mtDNA, were selected as mothers for obtaining the F 1 generarespectively. Moreover, complete absence of exogenous tion. We subsequently examined whether exogenous wild-type mtDNA from the F 3 hearts was observed in wild type and ⌬mtDNA of M. m. domesticus can be transSouthern blot ( Figure 2A ) and PCR analyses ( Figure 2B ). mitted through the female germ line to the F 1 generation. Of 130 F 1 mice, 4 showed signals for ⌬mtDNA by both Southern blot and PCR analyses, whereas no mice gave signals for exogenous wild-type mtDNA of M. m. For quantitation of the amount of ⌬mtDNA, we carried electron micrographs (Figure 4) . Histochemical analysis of COX activity in hearts carrying 60.6 Ϯ 3.4% ⌬mtDNA showed that all cardiac cells possessed COX activity: no COX-negative cells were observed (Figure 3) . Moreover, COX electron micrographs, which can identify COX activity at the individual mitochondrial level, clearly showed that no mitochondria lost COX activity, even though the heart possessed 60.6 Ϯ 3.4% ⌬mtDNA (Figure 4 ). Considering that exogenous wild-type mtDNA was not present in hearts carrying 60.6 Ϯ 3.4% exogenous ⌬mtDNA, at least 60% mitochondria should be COX negative in the absence of interaction between COX-negative exogenous mitochondria and normal endogenous mitochondria. Therefore, the observations in Figure 4 could not be obtained in the absence of mitochondrial interaction.
On the other hand, examination of a heart carrying 85.2 Ϯ 3.0% ⌬mtDNA gave apparently different features of COX histochemistry and COX electronmicrographs, but the results again supported the presence of interaction between mitochondria. The heart consisted of 85% of the mitochondria would be COX negative in hearts carrying 85.2 Ϯ 3.0% ⌬mtDNA. However, COX electron micrographs showed a homogeneous distribuWe selected two F 3 hearts carrying 60.6 Ϯ 3.4 and tion of COX activity throughout mitochondria, and no 85.2 Ϯ 3.0% ⌬mtDNA for further examination of COX activity by COX histochemistry (Figure 3 ) and COX mosaic distribution of COX-positive and COX-negative Figure 3 .-COX histochemistry of longitudinal sections of hearts carrying 0% (left), 60.6 Ϯ 3.4% (middle), and 85.2 Ϯ 3.0% (right) ⌬mtDNA. Hearts consist of mononuclear cardiac muscle fibers (cardiac cells) joined end to end by intercalated discs (arrowheads). All cardiac cells were COX positive in heart carrying 60.6 Ϯ 3.4% ⌬mtDNA, whereas heart with 85.2 Ϯ 3.0% ⌬mtDNA consisted of COX-positive and COX-negative fibers. Bar, 30 m. In Vivo Mitochondrial Interaction mitochondria within any single cardiac cell was observed rying ⌬mtDNA and host mitochondria carrying wildtype mtDNA. (Figure 4) .
We suggest that cardiac cells carrying Ͻ85% ⌬mtDNA However, Attardi et al. (2002) noted that our observations could be explained in the retained normal mitochondrial translation and normal COX activity by complementing tRNAs transcribed from absence of interaction between mitochondria by assuming simultaneous occurrence of the following two events: tRNA genes missing in ⌬mtDNA. On the other hand, first, clonal expansion of exogenous COX-negative micardiac cells carrying Ͼ85% ⌬mtDNA progressively lost tochondria carrying ⌬mtDNA and the resultant elimina-COX activity due to an insufficient amount of the tRNAs tion of most endogenous mitochondria, and second, an required for normal mitochondrial translation. Thereincrease in the amount of wild-type mtDNA preexisting fore, the translation phase may be shifted from complein exogenous mitochondria with the resultant recovery mentation to competition of the tRNAs in cells with of COX activity in the overall mitochondria of mitomice. Ͼ85% ⌬mtDNA, resulting in progressive inhibition of In these cases, protection of mitomice from mitochonoverall mitochondrial translation and resultant reducdrial defects was due to the interaction within exogetion of COX activity. nous mitochondria, but not to interaction between exThese observations consistently suggest the presence ogenous and endogenous mitochondria. Although the of extensive in vivo interaction between exogenous mitooccurrence of these phenomena seems unlikely, experichondria carrying ⌬mtDNA and endogenous mitochonments that can identify exogenous and endogenous dria carrying wild-type mtDNA in the mitomice.
wild-type mtDNA are required to exclude the possibility of clonal expansion of exogenous mitochondria and to draw a general conclusion with respect to the in vivo DISCUSSION interaction between mitochondria. Our recent study provided eviIn this study, we generated mitomice using zygotes of dence for the presence of intermitochondrial interacthe mouse B6mtspr strain carrying mtDNA from a differtion using mitomice (Inoue et al. 2000) , which were ent mouse species, M. spretus, so that endogenous wildgenerated by the introduction of COX-negative mitotype mtDNA could be distinguished from exogenous wildchondria carrying 88% ⌬mtDNA and residual 12% wildtype mtDNA by a restriction endonuclease. We obtained type mtDNA into zygotes carrying 100% wild-type mtDNA.
mitomice exclusively carrying endogenous M. spretus wildAll mitochondria in tissues with ⌬mtDNA showed normal type mtDNA and exogenous ⌬mtDNA, but not exoge-COX activity until it accumulated to 80%. Moreover, no nous wild-type mtDNA of M. m. domesticus, suggesting coexistence of COX-positive and COX-negative mitothe absence of clonal expansion of exogenous mitochondria within single cells was observed (Nakada et chondria with increased amount of exogenous wild-type al. 2001). These observations could be explained by the mtDNA (Table 1) . Moreover, none of the individual occurrence of in vivo intermitochondrial complementamitochondria in the mitomice expressed respiration detion by the extensive and continuous interchange of fects until exogenous ⌬mtDNA accumulated predominantly, providing unequivocal evidence for the in vivo genetic materials between exogenous mitochondria car-interaction between endogenous mitochondria with M. accumulated with age in mitotic (Michikawa et al. 1999) and postmitotic tissues (Corral-Debrinski et al. spretus mtDNA and exogenous COX-negative mitochondria with ⌬mtDNA.
1992; Soong et al. 1992) . However, our previous reports provided direct evidence for the functional integrity of In these experiments, transmission of exogenous ⌬mtDNA to following generations was observed in F 0 -F 3 mtDNAs from mitotic (Isobe et al. 1998 ) and postmitotic tissues (Ito et al. 1999) of aged subjects using mtDNA generations, whereas exogenous wild-type mtDNA was not. The rapid elimination of exogenous wild-type transfer techniques. For example, nuclear transfer experiments from mtDNA-less HeLa cells to human skin mtDNA of M. m. domesticus from female germ cells in F 0 mice could be caused by stochastic segregation, since fibroblasts showed that nuclear-recessive mutations, but not mtDNA mutations, are responsible for the age-assoa very small amount of exogenous mtDNAs could be introduced into zygotes by electrofusion techniques. ciated mitochondrial dysfunction observed in the fibroblasts (Isobe et al. 1998) . Moreover, introduction of Similar elimination of a small amount of exogenous mtDNA was observed when the transmission profile of mtDNA of autopsied brain tissues from aged human subjects into mtDNA-less HeLa cells resulted in compaternal mtDNA in sperm introduced into zygotes on fertilization was examined (Kaneda et al. 1995 ; Shitara plete restoration of mitochondrial respiratory function in mtDNA repopulated HeLa cells (cybrids), although et al. 1998). In intraspecies crossing, paternal mtDNA was completely eliminated from zygotes within 24 hr brain donors possessed mtDNAs with various pathogenic mutations, which were transferred to the cybrids after fertilization. On the other hand, its leakage was observed exclusively in interspecies crossing (Kaneda et (Ito et al. 1999) . These observations could be explained by intermitochondrial complementation, which rescues al. 1995). However, transmission of the leaked paternal mtDNA from interspecies hybrid mice to next generaaged tissues from direct expression of mtDNA mutations as age-associated mitochondrial dysfunction. tions through female germ cells was a rare phenomenon, if it occurred (Shitara et al. 1998) . Probably, the mice carrying heteroplasmic mtDNAs with neutral polymorphic mutations (Jenuth et al. 1996) .
On the other hand, transmission of exogenous ⌬mtDNA generalized that extensive and continuous interchange
